We quantified the transcript levels of 44 genes related to sugar catabolism in strains with altered primary carbon metabolism and discovered a consistent expression pattern among succinate-producing mutants. To identify factors that determine the expression pattern, we calculated Pearson's correlation coefficients, using the transcript data. Correlation analysis revealed positive and negative correlations among genes encoding sugar catabolic enzymes. On the basis of this analysis, we found that the mutant overexpressing both rre37 (encoding an OmpR-type response regulator) and sigE (encoding an RNA polymerase sigma factor) produced increased levels of succinate under dark, anaerobic conditions, with a maximum productivity of 420 mg l -1 .
Introduction
Carbon metabolism in cyanobacteria is important for understanding both global carbon cycles and bioproduction of high-value products. Cyanobacteria are classified as oxygenic photosynthetic bacteria and can utilize light energy to fix carbon dioxide (Schirrmeister et al. 2011) . The most widely studied unicellular cyanobacterium, Synechocystis sp. PCC 6803 (hereafter Synechocystis 6803), is a non-nitrogen-fixing species characterized by fast growth and ease of genetic manipulation (Branco Dos Santos et al. 2014 ). The genomic sequence of Synechocystis 6803 is available in the genomic databases CyanoBase (http://genome.microbedb.jp/cyanobase/) and CYORF (http://cyano.genome.jp/). The Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://www.genome.jp/kegg/) is available for accessing gene annotation and metabolic pathway information.
Similar to what occurs in other bacteria, glycogen in Synechocystis 6803 is degraded via glycogen phosphorylase (encoded by glgP) and isoamylase (encoded by glgX) (Fig. 1) . This cyanobacterium possesses two glgP genes (sll1356 and slr1367) and two glgX genes (slr0237 and slr1857) in its genome (Kaneko et al. 1996) . The functional distinction between the two isoamylases is unknown. Synechocystis 6803 contains two phosphofructokinases encoded by pfkA genes (sll0745 and sll1196) ( Fig. 1) , but the functional distinction between these has not been clarified. In the past, phosphofructokinase, encoded by pfkA, in cyanobacteria was considered inactive, and the oxidative pentose phosphate (OPP) pathway, which includes genes for key enzymes, such as zwf (encoding glucose-6-phosphate dehydrogenase), opcA (encoding an activator of glucose-6-phosphate dehydrogenase), gnd (encoding 6-phosphogluconate dehydrogenase) and tal (transaldolase), was thought to be the major route of glucose catabolism (Pelroy et al. 1972 ). Later, it was found that phosphofructokinase maintains enzymatic activity in Synechocystis 6803; thus this cyanobacterium contains multiple sugar catabolic pathways (Stal and Moezelaar 1997, Chen et al. 2016) . Fructose-1,6-bisphosphate aldolases in Synechocystis 6803 are divided into two classes ( Fig. 1 ): FbaI and FbaII are class-I and class-II fructose-1,6-bisphosphate aldolases, respectively (Nakahara et al. 2003) . Of the two glyceraldehyde-3-phosphate dehydrogenases (encoded by gap1 and gap2), Gap1 catalyzes the catabolic reaction (producing glycerate-1,3-bisphosphate from glyceraldehyde-3-phosphate) and Gap2 catalyzes the anabolic reaction (producing glyceraldehyde-3-phosphate from glycerate-1,3-bisphosphate) (Koksharova et al. 1998) (Fig. 1) . The functional difference between the two pyruvate kinases (Pyk1 and Pyk2) has not been examined. In summary, Synechocystis 6803 contains multiple genes for sugar catabolic enzymes with physiological functions that have not been clarified.
The cyanobacterial tricarboxylic acid (TCA) cycle lacks a 2-oxoglutarate dehydrogenase and alternatively possesses a 2-oxoglutarate decarboxylase (encoded by kgd) and a succinic semialdehyde dehydrogenase (encoded by gabD) (Zhang and Bryant 2011) . Flux through glutamate and g-aminobutyrate also produces succinate from 2-oxoglutarate (Xiong et al. 2014) . Genes encoding enzymes in the TCA cycle in Synechocystis 6803 are annotated, except for genes encoding the subunits of succinate dehydrogenase/fumarate reductase, which catalyzes the reaction between succinate and fumarate ( Fig. 1) . Succinate dehydrogenase/fumarate reductase consists of four protein subunits, but only two subunits, SdhA (a flavoprotein subunit, slr1233) and SdhB (iron-sulfur protein subunits, sll0823 and sll1625), have been identified in Synechocystis 6803, and the other two subunits that are essential for membrane anchoring have not been discovered (Fig. 1) . Succinate dehydrogenase catalyzes the reaction that produces fumarate from succinate, and fumarate reductase catalyzes the reaction that produces succinate from fumarate (Cecchini et al. 2002) .
Pyruvate and acetyl-CoA are precursors of various metabolites. Polyhydroxybutyrate (PHB) is a polyester used for carbon storage during nitrogen starvation (Miyake et al. 1997) . PHB is synthesized from acetyl-CoA via three steps: production of acetoacetyl-CoA from acetyl-CoA by thiolase (encoded by phaA), 3-hydroxybutyryl-CoA from acetoacetyl-CoA by acetoacetyl-CoA reductase (encoded by phaB) and PHB from 3-hydroxybutyryl-CoA by polyhydroxyalkanoate (PHA) synthase (encoded by phaC and phaE) (Hein et al. 1998) (Fig. 1) . Synechocystis 6803 produces lactate from pyruvate, using a lactate dehydrogenase (encoded by ddh) and acetate from acetylCoA by phosphotransacetylase and acetate kinase (encoded by pta and ackA, respectively) or acetyl-CoA synthase (encoded by acs) (Fig. 1) . Synechocystis 6803 cells excrete succinate, acetate and lactate under dark, anaerobic conditions . Succinate is of particular interest, as it is used to manufacture the biodegradable plastic polybutylene succinate, and bio-based production of succinate is recommended by the US Department of Energy (Werpy et al. 2004 ). Down-regulation of acetate biosynthesis achieved by knocking out ackA increases succinate levels; however, down-regulation of lactate biosynthesis decreases both lactate and succinate levels . Therefore, it is difficult to predict a method of promoting succinate production using the metabolic map (Fig. 1) .
Glycogen catabolism in Synechocystis 6803 is controlled by two transcriptional regulators: SigE, an RNA polymerase sigma factor; and Rre37, an OmpR-type response regulator (Osanai et al. 2005 . SigE and Rre37 differently activate expression of enzymes related to glycogen catabolism, the glycolytic pathway and the OPP pathway (Osanai et al. 2005 . A sigE-overexpressing strain (named GOX50) increases PHB production during nitrogen starvation . Transcriptome analysis has revealed that expression of sugar catabolism and nitrogen metabolism genes is up-regulated by rre37 overexpression (strain named ROX370) . The overexpression of rre37 also increases PHB levels under nitrogen starvation and alters levels of metabolites involved in the TCA cycle .
Recently, our laboratory has generated mutants with increased levels of succinate excretion. A mutant with decreased expression of hoxH, which encodes hydrogenase subunit H, produces increased levels of succinate and lactate under dark, anaerobic conditions ). The ackA knockout strain (designated as ÁackA) produces increased levels of succinate and lactate and decreased levels of acetate . GOX50 exhibits increased succinate production, and the 1299E strain, overexpressing sigE in addition to disruption of ackA, produces succinate at higher levels ($70 mg l -1 ) . Thus, genetic manipulation of a transcriptional regulator alters sugar catabolism and succinate production in this cyanobacterium, but it is still unpredictable as to which mutants will produce increased succinate.
Here, we performed transcript analysis and found that gene expression patterns were similar between the succinate-producing mutants. A group of genes whose expression patterns are similar is defined as a 'cluster' (Sturn et al. 2002) , and these gene products are expected to be functionally similar. Pearson correlation analysis based on transcription data was performed to demonstrate the relationships among genes for sugar catabolism at the cluster level. On the basis of correlation analysis, we found that the strain overexpressing both rre37 and sigE (hereafter Rre37/SigEox) showed increased succinate levels under dark, anaerobic conditions.
Results
Transcript analysis of the altered primary carbon metabolism of the strains
We previously identified mutants with altered primary carbon metabolism, as mentioned above . Metabolic analysis revealed changes in primary carbon metabolism in these mutants; however, transcript analysis had not been performed except in GOX50 and ROX370 . Quantitative real-time PCR analysis revealed the relative transcript levels of 44 genes for sugar catabolism in ÁackA, 1299E, the hoxH mutant and Rre37/ SigEox strains ( Fig. 2 ; Supplementary Figs. S1-S12). We noticed that mutants whose succinate production increased to more than twice that of the glucose-tolerant (GT) strain (ÁackA, 1299E and the hoxH mutant) showed similar expression patterns: decreased gene expression of glgP (slr1367), glgX (slr1857), fbaII, gap2, pyk2, pdhABCD and the TCA cycle enzymes (except sdhA), and no change or increase in expression of the enzymes in the OPP pathway and PHA biosynthesis (Fig. 2) . In particular, 1299E and the hoxH mutant showed a similar expression pattern (Fig. 2) .
Correlation analysis using the transcript data
To identify factors which determined the expression patterns in the succinate-producing strains, we performed correlation analysis using the data in Fig. 2 . All the results described are shown in Supplementary Table S2 . Fig. 3 shows the correlation of selected genes with expression levels that were similarly increased or decreased in the three mutants (ÁackA, 1299E and the hoxH mutant); these strains produced succinate more than twice that produced by the GT strain . Genes with expression levels that decreased in the succinate-producing mutants were positively correlated with each other and negatively correlated with the genes whose expression increased in the succinate-producing mutants (Fig. 3) . The genes with expression levels that decreased in succinate-producing mutants were also down-regulated by rre37 overexpression, except for glgP (slr1367), me and fbaII (Figs. 2, 3 ).
On the basis of the correlation analysis, the homologous genes encoding sugar catabolic enzymes in Synechocystis 6803 could be divided into different clusters: cluster 1 included glgP (slr1367), fbaII, gap1, pyk1 and pfkA (sll1196); and cluster 2 included glgP (sll1356), fbaI, gap2, pyk2, glgX (slr1857) and glgX (slr0237) (Fig. 4) . The genes in cluster 1 (pyk1, gap1 and fbaII) were negatively correlated with the genes in cluster 2 [fbaI and glgX (slr0237)] (Fig. 4) . Genes in the same cluster were positively correlated with each other (Fig. 4) . Our correlation analysis revealed that the expression of the genes in cluster 1 and cluster 2 was up-regulated and down-regulated by Rre37, respectively (Figs. 2, 4) .
Glycolytic genes belonging to cluster 1 [fbaII, gap1, pyk1 and pfkA (sll1196)] were negatively correlated with other sugar catabolism genes ( Supplementary Fig. S13 ). In contrast, glycolytic genes belonging to cluster 2 (fbaI, gap2 and pyk2) were positively correlated with other sugar catabolism genes ( Supplementary Fig. S13 ).
Supplementary Fig. S14 shows the relationship between genes in the OPP pathway and other genes for sugar catabolism. The four OPP pathway genes had similar expression patterns and were positively correlated with each other ( Fig. 2;  Supplementary Fig. S14 ; Supplementary Table S2) . The OPP pathway genes were positively correlated with genes in the TCA cycle and three genes for pyruvate metabolic enzymes (pps, ddh and pta) ( Supplementary Fig. S14 ). On the other hand, the OPP pathway genes were negatively correlated with genes involved in glycolysis ( Supplementary Fig. S14 ).
SigE is a key factor that activates sugar catabolism (Osanai et al. 2005 , and correlation analysis revealed that sigE was positively correlated with genes for glycolysis and PHB biosynthesis (Supplementary Table S2 ). The expression patterns were similar between the Rre37/SigEox strain and the hoxH mutant (Fig. 2) . sigE transcript and proteins levels in the hoxH mutant were up-regulated ( Fig. 2) ) and, therefore, the similar expression patterns between the two strains are due to the increased sigE expression in the Rre37/ SigEox strain and hoxH mutant. The current correlation analysis also showed that sigE was positively correlated with ddh, sdhA and pyk1 (Supplementary Table S2 ). On the other hand, sigE was negatively correlated with glgX (slr1857), fbaI, acs, ackA and gabD (Supplementary Table S2) , which is consistent with the negative correlation between succinate and acetate biosynthesis ).
Overexpressing both rre37 and sigE increases succinate production under dark, anaerobic conditions Our correlation analysis revealed the relationship among genes encoding sugar catabolic enzymes (Figs. 3, 4) , and the results indicated that the large change in gene expression at the cluster level was indispensable for alteration of carbon flow in this cyanobacterium. Then, we examined the organic acid excreted from ROX370 and Rre37/SigEox, because Rre37 is a pathway-level accelerator of glycogen catabolism ).
The ROX370 and Rre37/SigEox strains were concentrated to a density of A 730 = 20 and incubated under dark, anaerobic conditions for 3 d. The amount of excreted organic acids was then measured. Succinate and lactate levels were not increased by rre37 overexpression but were increased by double overexpression of rre37 and sigE (Fig. 5) . Acetate was decreased by rre37 overexpression (Fig. 5) . Organic acid production in Synechocystis 6803 is promoted in the presence of either KCl or NaHCO 3 during dark, anaerobic incubation , Ueda et al. 2016 ). Therefore, we tested organic acid production in the presence of both 100 mM KCl and 100 mM NaHCO 3 in GT and Rre37/SigEox cells concentrated to a density of A 730 = 80 (Fig. 6) . Succinate and lactate production from the Rre37/SigEox strain were higher than that from the GT strain, with maximum levels of 420 and 460 mg l -1 , respectively (Fig. 6) . On the other hand, acetate production was reduced by rre37 and sigE double overexpression, with levels decreased to 600 mg l -1 (Fig. 6 ).
Discussion
In this study, we combined the transcript data of six mutants and revealed the relationships among gene expression related to sugar catabolism in Synechocystis 6803. During transcript analysis, we found a mutant overexpressing both rre37 and sigE that increased succinate and lactate production (Fig. 6) .
The production rate reached 140 mg l -1 d -1 (Fig. 6) , which is the highest production rate among cyanobacteria to date. Fig. 2 Transcript data in the six mutants with altered primary carbon metabolism. Data were obtained by quantitative real-time PCR, and the transcript level in the GT strain was set at 100. The relative changes of the transcript levels, which increased or decreased in the mutants compared with the GT strain, are highlighted with red and green, respectively. Data represent means from three or four independent experiments. Data obtained from previous studies are marked with asterisks (*) . ND designates 'not determined'.
We found that down-regulation of acetate biosynthesis by knocking out ackA affected the gene expression of sugar catabolic enzymes ( Fig. 2; Supplementary Figs. S1-S3) . Recently, a phosphoketolase pathway was discovered, and thus acetate metabolism is important in the sugar catabolism of Synechocystis 6803 (Xiong et al. 2015) . Moreover, 2-oxoglutarate, an intermediate in the TCA cycle, is a signaling metabolite controlling gene expression in unicellular cyanobacteria Fig. 3 Correlation of genes similarly increased or decreased in the three succinate-producing strains (ÁackA, 1299E and hoxH). Genes with expression levels that were increased or decreased in the succinate-producing strains are marked by red or green, respectively. Positive and negative correlations are marked by orange lines and dotted blue lines, respectively. Levels of succinate, lactate and acetate from cyanobacterium Synechocystis 6803 cells in the presence of potassium and sodium bicarbonate. Rre37/SigEox indicates the mutant overexpressing rre37 and sigE. Organic acids excreted during 3 d in the presence of 100 mM KCl and 100 mM NaHCO 3 under dark, anaerobic conditions were quantified by HPLC. Data represent means ± SD from three independent experiments. Asterisks indicate statistically significant differences between the GT and the mutant strain (Student's t-test; *P < 0.05, **P < 0.005).
Fig. 5
Levels of succinate, lactate and acetate from cyanobacterium Synechocystis sp. PCC 6803 cells. ROX370 and Rre37/SigEox indicate the mutants overexpressing rre37 and rre37/sigE, respectively. Organic acids excreted during 3 d under dark, anaerobic conditions were quantified by HPLC. Data represent means ± SD from six independent experiments. Asterisks indicate statistically significant differences between the GT and the mutant strain (Student's t-test; *P < 0.05, **P < 0.005).
(Muro-Pastor 2001, Tanigawa et al. 2002) . The changes in the gene expression in the ackA knockout mutant may be due to the alteration of 2-oxoglutarate levels, leading to the difference of transcript profiles between 1299E and GOX50.
Synechocystis 6803 has various homologs of genes related to sugar catabolism, but their function has not been clearly identified. Our correlation analysis suggested the functional distinction of these homologs. Genetic analysis has suggested that GlgP (sll1356) plays an essential role in high temperature conditions, whereas GlgP (slr1367) plays a pivotal role in glycogen degradation under carbon-limited conditions (Fu and Xu 2006) . glgP (sll1356) and glgP (slr1367) showed different expression patterns (Fig. 2) , and in the correlation analysis, the different relationship of the two GlgPs to the other sugar catabolic enzymes was demonstrated (Fig. 4) . The specific activities of two fructose-1,6-bisphosphate aldolases are almost the same, but it is suggested that FbaII functions in the Calvin-Benson cycle in Synechocystis 6803 (Nakahara et al. 2003) . This is consistent with our correlation analysis; the expression level of fbaII was negatively correlated with the genes for glycogen catabolism and the OPP pathway (Figs. 3, 4 ; Supplementary Fig. S13 ). Therefore, FbaII plays a pivotal role in carbon assimilation during photoautotrophic growth. In addition, our correlation analysis suggested relationships such as positive correlation among fbaI and the genes for the OPP pathway and the TCA cycle ( Fig. 3; Supplementary Fig S13) . Expression of pfkA (sll1196) is repressed under dark conditions, but pfkA (sll0745) is constitutively transcribed under dark conditions (Wan et al. 2017) , which is consistent with our analysis; pfkA (sll1196) and pfkA (sll0745) showed different expression patterns (Fig. 2) . Previous genetic and enzymatic analyses indicated that glycolytic flux in Synechocystis sp. PCC 6803 is controlled at the transcription level and by allosteric activation of pyruvate kinase Plaxton 2003, Angermayr et al. 2014) . Functional distinction between the two pyruvate kinases, Pyk1 and Pyk2, is unclear at present; however, we showed that the correlation pattern was different between them (Figs. 3, 4; Supplementary Fig. S13 ). pyk2 was positively correlated with ppc and the genes for pyruvate dehydrogenases and the TCA cycle (Supplementary Table S2 ). Biochemical analysis of the Pyk2 ortholog suggests that Pyk2 is inhibited by fructose-1,6-bisphosphate, citrate, 2-oxoglutarate, malate and ATP (Knowles et al. 2001 ). This allosteric regulation is similar to what is typically observed for pyruvate kinase, and this insight combined with our correlation analysis suggests that Pyk2 provides pyruvate and acetyl-CoA to the TCA cycle under photoautotrophic growth conditions. Our correlation analysis indicated that homologous enzymes are contrastingly controlled by transcription factors (Fig. 4) . The expression levels of homologous genes belonging to cluster 1 and cluster 2 were increased and decreased by rre37 overexpression, respectively (Figs. 2, 4) . Thus, our correlation analysis revealed that Rre37 controls expression of these genes at the cluster level. On the other hand, sigE overexpression greatly increased the expression of sugar catabolism genes regardless of cluster, except for glgP (slr1367), glgX (slr1857), gap2 and fbaII (Figs. 2, 4) . Among the 44 genes, only the expression of fbaII was decreased by less than half by sigE overexpression (Fig. 2) . Overexpression of genes encoding carbon-fixing enzymes, including fructose-1,6-bisphosphate aldolase, enhanced oxygen evolution and biomass production in Synechocystis 6803 (Liang and Lindblad 2016) . Biochemical analysis has revealed that FbaII activity is twice as high as FbaI activity (Nakahara et al. 2003) . These results suggest that inactivation of FbaII is important in the repression of carbon fixation and activation of sugar catabolism, which our analysis suggests is partly controlled by SigE (Fig. 2) . Our correlation analysis revealed that fbaII exhibited a weak positive correlation with the 44 sugar catabolism genes and was negatively correlated with glgX (slr0237), genes in the OPP pathway, ddh, sdhA and sdhB (sll1625) (Supplementary Table S2 ). Previous studies revealed the transcription of fbaII was positively regulated by Rre37 (Tabei et al. 2007 , Tabei et al. 2009 ), and we observed that the fbaII transcript level was increased by rre37 overexpression (Fig. 2) . Double overexpression of sigE and rre37 decreased the fbaII transcript level (Fig. 2) , and this could be one reason for the increase in succinate production in the Rre37/SigE strain but not in ROX370 (Fig. 5) . Metabolism and growth under dark conditions depend on NADPH produced by the OPP pathway, because photosynthesis cannot produce NADPH (Wan et al. 2017) . The decreased expression of fbaII leads to down-regulation of carbon flux through glycolysis and up-regulation of carbon flux through the OPP pathway. As a result, more NADPH is produced through the OPP pathway under dark conditions, and the reductants can be used for succinate production. Besides fbaII, the transcript levels of pdhABCD and genes in the TCA cycle greatly decreased in the mutants tested, except for GOX50 (Fig. 2) . A heat map from the transcript analysis revealed that sdhA showed a different expression pattern compared with other genes in the TCA cycle (Fig. 2) . Correlation analysis showed that sdhA was weakly correlated with genes involved in sugar catabolism (Supplementary  Table S2 ) and, hence, two key genes in sugar catabolism, fbaII and sdhA, were less correlated with other genes. The mutants overexpressing sigE increased sdhA expression (Fig. 2) , and this suggests that SigE controls TCA flux by altering the expression of sdhA. In addition, a previous study revealed that SigE repressed the expression of rre37 , suggesting that glycolysis is antagonized by the OPP pathway in sugar catabolism. Our analysis demonstrated that the balance of two transcriptional regulators, SigE and Rre37, is particularly important in regulating sugar metabolism in Synechocystis 6803, and the current network analysis illustrates the regulatory network of key genes for sugar catabolism in this cyanobacterium. SigE and Rre37 (named NrrA) also activate sugar catabolism in the nitrogen-fixing cyanobacterium Anabaena sp. PCC 7120 (Ehira and Ohmori 2011) , suggesting a conserved regulatory system of sugar catabolism by multiple transcriptional regulators in cyanobacteria.
Correlation analysis could be a new approach for metabolic engineering. In Synechocystis 6803, overexpression of ppc (encoding phosphoenolpyruvate carboxylase) or knockout of ackA increased succinate production by activating a rate-limiting enzyme or inhibiting by-product production . Knocking out of either acs or ddh did not increase succinate production irrespective of inhibition of by-product formation and thus it is difficult to predict how to increase succinate production from the metabolic map. In Synechococcus elongatus PCC 7942, overexpression of ppc, gltA, kgd and gabD increased succinate production through the oxidative pathway of the TCA cycle, and succinate levels reached 54 mg l -1 d -1 (Lan and Wei 2016) . This result also indicates that elaborate engineering of multiple genes is required to increase succinate levels in cyanobacteria. In our case, we generated mutants by manipulating genes encoding transcriptional regulators and succeeded in causing broad changes to metabolic enzymes, leading to increased succinate production (Figs. 2, 5, 6 ). Metabolic engineering based on genetic manipulation of transcriptional regulators is known as global transcription machinery engineering (gTME) (Alper and Stephanopoulos 2007) , and we show the importance of this technique in succinate production using cyanobacteria. The 44 genes focused on in this study hardly changed by the transition from light, aerobic to dark, anaerobic conditions, except for fba2, gap1 and ppc . In Synechocystis 6803, RNA polymerase sigma factors SigA and SigB play pivotal roles in transcription under light and dark conditions, respectively (Imamura et al. 2003) . The transcriptional activity from almost all promoters by an RNA polymerase with SigB is weaker than that by an RNA polymerase with SigA (Goto-Seki et al. 1999) . Thus, transcript levels in the cells under light, aerobic conditions reflect the transcript profiles under dark, anaerobic conditions in Synechocystis 6803. In fact, we succeeded in constructing succinate-producing strains under dark, anaerobic conditions deduced from the transcript levels measured under light, aerobic conditions (Figs. 2, 5, 6 ). In addition to genetic engineering, alteration of cultivation conditions is important; potassium and sodium bicarbonate enhanced succinate production in Synechocystis 6803 , Ueda et al. 2016 . Combining these techniques, we succeeded in succinate production from inorganic carbon at a rate of 140 mg l -1 d -1 (Fig. 6) , the highest rate among cyanobacteria to date. Lactate production also increased in the Rre37/SigEox strain (Figs. 5, 6 ), and previous results also showed that succinate and lactate production were positively correlated in Synechocystis 6803 . To enhance succinate production further, it is necessary to understand the regulatory mechanism of not only succinate but also lactate production. Quantitative proteomic analysis using lactate-producing mutants revealed the unexpected result that they had down-regulated protein levels for central carbon metabolism, including transketolase, phosphoglycerate kinase, Gap1 and Tal (Borirak et al. 2015) . These genes clustered in the transcriptional network with nitrogen metabolic enzymes and photosynthetic proteins (Borirak et al. 2015) . Thus, analysis of gene expression with subsequent network analysis revealed the concealed relationship in the strains being genetically manipulated, and integration of knowledge about this correlation will contribute to increasing production of products of interest through metabolic engineering.
Materials and Methods

Bacterial strains and culture conditions
The GT strain of Synechocystis sp. PCC 6803, isolated by Williams (1988) , was grown in modified BG-11 medium consisting of BG-11 0 liquid medium (Rippka 1988 ) supplemented with 5 mM NH 4 Cl (buffered with 20 mM HEPES-KOH, pH 7.8). The GT-I strain was used in this study (Kanesaki et al. 2012) . Liquid cultures were bubbled with 1% (v/v) CO 2 in air and incubated at 30 C under continuous white light ($50-70 mmol photons m À2 s À1 ). The sigE-overexpressing strain (GOX50) and the ÁackA strain were generated by Osanai et al. (2011 Osanai et al. ( , 2015 . The strain overexpressing sigE in addition to disruption of ackA was generated by Osanai et al. (2015) and named the 1299E strain. The hoxH mutant strain was generated by Iijima et al. (2016) . The rre37-overexpressing strain (ROX370) and the strain overexpressing both sigE and rre37 (Rre37/ SigEox) were generated previously . The mutant strains were cultivated in modified BG-11 medium with 10, 0.3 or 10 mg ml -1 of kanamycin (for GOX50 and ROX370 strains), gentamycin (for Rre37/SigEox and the hoxH mutant) and chloramphenicol (for ÁackA and 1299E strains), respectively, during the pre-cultivation period. Cell densities were measured at A 730 using a Hitachi U-3310 spectrophotometer (Hitachi High-Tech.).
RNA isolation and quantitative real-time PCR
Cells were grown in 70 ml of modified BG-11 medium (started at A 730 = 0.2) for 1 d under continuous light conditions and collected by centrifugation at 5,800 Â g for 2 min. Isolation of RNA from Synechocystis 6803 cells was described previously . RNAs were resuspended in 20 ml of sterilized water after isopropanol precipitation. cDNA synthesis and quantitative real-time PCR were performed as previously described . Residual DNA was removed with TURBO DNase (Thermo Fisher Scientific) during an incubation for 5 h at 37 C. cDNA was synthesized from 2 mg of total RNA, using the SuperScript III First-Strand Synthesis System (Life Technologies Japan). Quantitative real-time PCR was performed using a StepOnePlus instrument (Life Technologies Japan), according to the manufacturer's instructions and using primers listed in Supplementary Table S1. The expression level of rnpB (encoding RNase P subunit B) was used as an internal standard.
Calculation of Pearson correlation coefficient
The obtained expression levels were normalized by calculating the relative values of transcript levels. The expression level in the GT strain was set at 100% and the relative values of the expression levels in each mutant strains were calculated and 264 relative expression data (6 mutants Â 44 genes) were obtained. Then, a correlation coefficient between each two genes was obtained from 12 relative expression levels (6 relative expression levels Â 2 genes), calculated by Microsoft Excel 2010. Two variables were considered to have a positive correlation when the correlation coefficients were >0.729. Two variables were considered to have negative correlation when the correlation coefficients were less than -0.729. When the absolute values of correlation coefficient of the six samples are >0.729, the significance level (two-tailed probability) is 0.1. Correlation diagrams were generated using Cytoscape_v3.4.0.
Excretion of organic acids during dark, anaerobic incubation
Incubation under dark, anaerobic conditions was performed as previously described . Cells were grown in 70 ml of modified BG-11 medium (started at A 730 = 0.4) for 3 d under continuous light conditions and transferred into 10 ml of HEPES buffer (20 mM HEPES-KOH, pH 7.8) to be A 730 = 20 or 80 in a GC vial. KCl (100 mM) and 100 mM NaHCO 3 were added during dark, anaerobic incubation if necessary , Ueda et al. 2016 . The vial was capped with butyl rubber, and N 2 gas was introduced for 1 h using a syringe. After removing the syringe, the vial was wrapped with aluminum foil and shaken at 30 C for 3 d. After incubation, cell cultures were centrifuged at 5,800 Â g for 2 min and the supernatant was filtered. The 1 ml of filtrate was freeze-dried for 1 d and the dried sample was analyzed by HPLC.
Quantification of the excreted organic acids by HPLC
HPLC analysis was performed as previously described . The freeze-dried supernatants were resolved in 100 ml of filtered 3 mM perchloric acid. The resolved samples were analyzed by HPLC using the LC-2000Plus System (JASCO). Organic acids were quantified with 0.2 mM bromothymol blue in 15 mM sodium phosphate buffer; peaks were detected at 445 nm.
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Supplementary data are available at PCP online. 
